Pioneer studies have proposed that multiple metabolic abnormalities, such as insulin resistance, increased Na + -H + exchanger activity and abnormal intracellular calcium homeostasis, are frequently associated with a subset of essential hypertensive patients with low plasma renin activity (PRA). However, it is unclear whether insulin resistance is related to the low renin status in the very early phase of genetical hypertension. Besides, there is controversy on the subject of the in vivo effect of acute hyperinsulinaemia on sodiumrelated factors. We investigated the relationship between sodium-related parameters and insulin sensitivity, and the effects of euglycaemic hyperinsulinaemia on cyclic guanosine monophosphate (cGMP) and atrial natriuretic peptide (ANP) levels in 17 young, lean, normotensive male subjects, who displayed extreme predis-positions for the development of hypertension. PRA was significantly lower in the positive than in the negative family history group (P Ͻ 0.05). Insulin sensitivity (Mvalue) was correlated with PRA before euglycaemic hyperinsulinaemic clamping (r ‫؍‬ 0.577, P Ͻ 0.05), and was also inversely correlated with fractional excretion of sodium (FE Na ) before clamping (r ‫؍‬ ؊0.51, P Ͻ 0.05). Euglycaemic hyperinsulinaemia significantly decreased PRA (P Ͻ 0.0001) and increased cGMP (P Ͻ 0.05) and ANP levels (P Ͻ 0.01). In conclusion, insulin sensitivity may be partially determined by PRA levels and FE Na before clamping in young, lean, normotensive male subjects. Acute euglycaemic hyperinsulinaemia decreases PRA, and increases cGMP and ANP levels from the fasting condition.
Introduction
A series of studies have demonstrated the close relationship between insulin resistance and essential hypertension. [1] [2] [3] Some studies reveal that insulin resistance is associated with offspring of essential hypertensive patients. [4] [5] [6] [7] Salt-sensitive blood pressure (BP) elevation and insulin resistance frequently coexist in overt hypertension. 8 The phenotype of BP salt sensitivity may indicate a clustering of cardiovascular risk factors, such as left ventricular hypertrophy, urinary albumin excretion, and dyslipidaemia. It has been proposed that a subset of essential hypertensive patients who display low plasma renin activity also frequently demonstrate altered cation transport and insulin resistance. 9 Pioneer studies have suggested that salt-sensitive normotensive subjects display insulin resistance. 10 On the contrary, salt restriction aggravates insulin resistance in normotensive subjects. 11, 12 There have been few studies dealing with the relationship between sodium-related factors under the condition of unrestricted diets and insulin resistance in young lean normotensive subjects in relation to the genetical predispositions for the development of essential hypertension.
Several mechanisms have been proposed in order to explain how insulin resistance or compensatory hyperinsulinaemia could contribute to the development of hypertension. 2, 3 The combination of genetical insulin resistance and compensatory hyperinsulinaemia may contribute to raising BP through augmented renal sodium reabsorption in essential hypertension. 8, 13, 14 Some investigators have
Journal of Human Hypertension indicated that acute hyperglycaemia and/or hyperinsulinaemia increase atrial natriuretic peptide (ANP) levels. [15] [16] [17] [18] Mechanisms of insulin resistant hypertension is also attributable to blunted action of natriuretic hormones, 19 rather than to enhanced sodium reabsorption in proximal tubules due to hyperinsulinaemia.
In the present study, we investigated the relationship between sodium-related factors and insulin sensitivity, and examined the effects of euglycaemic hyperinsulinaemia on sodium-related factors in young, lean, normotensive male subjects, who displayed extreme predispositions for the development of hypertension, by measuring the insulin sensitivity using the euglycaemic hyperinsulinaemic clamp technique.
Subjects and methods

Subjects
Seven, young, lean, normotensive males with a positive family history of hypertension and cardiovascular diseases were recruited as previously described. 4, 20 One parent of each subject was either hypertensive with BP Ͼ160/95 mm Hg or was receiving antihypertensive medication; secondary forms of hypertension were excluded by routine clinical examinations. In addition, at least one grandparent of each subject was asserted either to be hypertensive or to have experienced cardiovascular complications, or both. As normal controls, 10 young, normotensive males without family histories of hypertension or cardiovascular diseases were recruited. The results of recent annual health checks were used to confirm that none of the candidates were hypertensive (Ͻ140/90 mm Hg). Candidates with a diabetic or obese (body mass index (BMI) Ͼ30 kg/m 2 ) parent were excluded. The family history was assessed by measuring the BP of the parents at an outpatient clinic and by information obtained from direct personal communication with their physicians. All subjects were volunteers, on unrestricted diets, and written informed consent was obtained before undertaking the present investigations.
Euglycaemic hyperinsulinaemic clamp technique
BP was measured using a mercury sphygmomanometer with the subject in a supine position following a 15-min rest, and was expressed as the mean of three consecutive measurements. 4, 20 The sensitivity to insulin was determined by the euglycaemic hyperinsulinaemic clamp technique as previously described. 4, 20, 2 Briefly, all studies began at 9.00 am after an overnight fast. An angiocatheter was placed in the median cubital vein of the left forearm for infusion, and a second double lumen angiocatheter was placed retrogradely in the superficial radial vein of the right wrist for monitoring the blood glucose level. After resting in a supine position for at least 15 min, a blood sample was drawn for determination of fasting glucose, fasting immunoreactive insulin (IRI), plasma renin activity (PRA), natriuresis-related parameters, and blood chemistry including electrolytes. A urine sample was collected for measurements of urinary electrolytes, at 9.00 am after an overnight fast and without voiding before test. The quantity of exogenous glucose metabolised was calculated from the mean of the glucose infusion rate during the second hour of hyperinsulinaemia (M-value). At the end of 2-h euglycaemic hyperinsulinaemic clamping, a blood sample was drawn for measurements of glucose, IRI levels, natriuresis-related parameters, and blood chemistry, and a urine sample was collected for measurements of urinary electrolytes and creatinine levels.
A 75-g oral glucose tolerance test was performed a few weeks later in all subjects. The daily dietary intake was ascertained by interview, and the energy consumption was assessed based on reported physical activity.
Measurements
Plasma glucose levels were measured by the glucose dehydrogenase method with an automated glucose analyser. IRI was assayed in plasma, using a commercial radioimmunoassay kit (Phadeseph Insulin RIA; Pharmacia, Uppsala, Sweden). Samples for PRA were collected in iced tubes containing EDTA and assayed by the radioimmunoassay method. Plasma ANP and cyclic guanosine monophosphate (cGMP) levels were determined by radioimmunoassay. 22 Before clamping and at the end of clamping, fractional excretion of sodium (FE Na ) was calculated by (urinary sodium × serum creatinine)/(serum sodium × urinary creatinine).
Analytical methods
Values are expressed as means ± s.e.m. As no evidence of non-normal distribution or inequality of variances was present in the variables considered, statistical comparisons were performed using either paired, unpaired two-tailed Student's t-test, or analysis of variance (ANOVA) with repeated measurements, appropriately. Pearson's correlation was used to assess the relationship between the variables. P values less than 0.05 were considered statistical significance. The Statistical Package of Stat View IV for Windows, version 4.58, was used for statistical analyses.
Results
Clinical characteristics
As we have previously reported, 4,20 no significant differences in age, BMI, systolic BP and diastolic BP were observed between subjects with a positive fam- ily history of essential hypertension and controls ( Table 1) . Glucose concentration and IRI levels, as revealed by the oral glucose tolerance test, were also similar between the experimental subjects and control, as were the daily dietary intake and energy consumption related to physical activity. PRA was significantly lower in the positive than in the negative family history group (P Ͻ 0.05, ANOVA with repeated measurements). Insulin sensitivity (M-value) tended to be impaired in subjects with a family history of hypertension (6.90 ± 0.40 vs 8.75 ± 0.79, P ϭ 0.08, unpaired t-test) ( Table 2) .
Relationship between insulin sensitivity and sodium balance
Insulin sensitivity in vivo by the euglycaemic hyperinsulinaemic clamp technique (M-value) was correlated with PRA before euglycemic hyperinsulinemic clamping (r ϭ 0.577, P Ͻ 0.05) ( Figure 1a ) and was correlated with the difference between the pre-and postclamping levels of PRA (r ϭ 0.529, P Ͻ 0.05). Insulin sensitivity (M-value) was also inversely correlated with FE Na before clamping (r ϭ Ϫ0.51, P Ͻ 0.05) ( Figure 1b ). PRA was correlated with FE Na Journal of Human Hypertension before clamping (r ϭ Ϫ0.494, P Ͻ 0.05). Therefore, insulin sensitivity was partially determined by PRA status before clamping, which could be influenced by dietary sodium intake. No statistically significant correlation was observed between any kind of IRI levels and sodium-related factors in this study.
Hyperinsulinaemia and sodium homeostasis
Euglycaemic hyperinsulinaemia significantly decreased PRA from 2.8 ± 0.4 to 1.3 ± 0.2 (P Ͻ 0.0001, ANOVA with repeated measurements) (Figure 2a ). Euglycaemic hyperinsulinaemia significantly increased cGMP and ANP levels from 3.4 ± 0.2 to 4.9 ± 0.7 (P Ͻ 0.05, ANOVA with repeated measurements) ( Figure 2b) and from 3.0 ± 0.6 to 7.1 ± 0.8 (P Ͻ 0.01, ANOVA with repeated measurements), respectively (Figure 2c ).
Discussion
This study clearly demonstrated the close relationship between PRA and insulin sensitivity in vivo (M-value). PRA was significantly lower in the positive than in the negative family history group (P Ͻ 0.05). Insulin sensitivity (M-value) was correlated with PRA before euglycaemic hyperinsulinaemic clamping (r ϭ 0.577, P Ͻ 0.05), and was also inversely correlated with FE Na before clamping (r ϭ Ϫ0.51, P Ͻ 0.05). Therefore, insulin sensitivity may be partially determined by PRA levels and dietary sodium intake before clamping in young, lean, normotensive male subjects, on unrestricted diets. We also confirmed that acute euglycaemic hyperinsulinaemia significantly increased cyclic GMP and ANP levels from the basal conditions. 
Relationship between insulin sensitivity and sodium homeostasis
A series of studies have suggested that a close relationship between sodium homeostasis and insulin sensitivity. In the Dutch Hypertension and Offspring Study, subjects with two hypertensive parents also had lower PRA and aldosterone than those with two normotensive parents. 23 Urinary sodium excretion tended to be higher in the subjects with two hypertensive parents than in those with two normotensive parents. These findings are com- pletely consistent with our results. We have recently reported the close relationship between insulin sensitivity and calcium homeostasis. 20 It is likely that multiple metabolic risk factor clustering, such as insulin resistance, salt-sensitive BP elevation and disturbed calcium homeostasis, is associated with the offspring of hypertensive parents with low PRA. These multiple metabolic factors may play a sub-stantial role on the future development of hypertension and cardiovascular complications. 24 This study demonstrated that insulin sensitivity was correlated with PRA levels before clamping, which were inversely correlated with FE Na in young, lean, normotensive males, on unrestricted diets. PRA was significantly lower in the positive than in the negative family history group. A genetical factor or familial behavioural tradition might encourage the subjects with a family history to take a larger amount of dietary salt. Therefore, insulin sensitivity was partially determined by PRA status before clamping, which was related to FE Na and dietary sodium intake.
The effects of salt restriction and overload on insulin sensitivity are still an open question. Some investigators have indicated that moderate dietary sodium restriction aggravates insulin sensitivity; 11, 12 others have suggested that salt loading exacerbates insulin resistance. 25 Dietary salt restriction increases resistance to the vasodilating effects of insulin in young normotensive and hypertensive subjects. 26 Fliser et al 27 reported that 3-day salt restriction decreases insulin sensitivity, but 7-day does not. 27 In contrast, increased dietary sodium intake was associated with a decrease in insulin-mediated glucose disposal in young healthy adults. 25 We previously demonstrated that genetically insulin-resistant Wistar fatty rats showed salt sensitivity. 28 Furthermore, salt loading markedly enhanced insulin resistance of Wistar fatty rats. 29 It is likely that the effect of sodium intake on insulin resistance depends on several factors including genetically determined salt sensitivity, and the amount and duration of sodium restriction or loading. This study suggests that the interaction of genetic predispositions to hypertension and high-salt intake on unrestricted diets may contribute to insulin resistance.
Conflicting findings have recently been reported concerning the issue on the relationship between serum angiotensin-converting enzyme (ACE) activity and insulin sensitivity. The subjects with ACE DD genotype are considered to have a higher serum ACE activity than those with ID or II genotype. The studies on normotensive Caucasian and African-American subjects with ACE DD genotype revealed an increased insulin sensitivity. 30, 31 In contrast, it is probable that insulin sensitivity is impaired in those with ACE DD genotype in Japanese hypertensive subjects. 32 We did not examine serum ACE activity in this study. PRA is unlikely to be correlated with serum ACE activity. 33 A well-organised larger study is required to clarify the complexed relationship between renin-angiotensin system and insulin resistance in genetical hypertensive subjects in Japan.
Effects of hyperinsulinaemia on sodium homeostasis
Several investigators have already reported that hyperinsulinaemia by glucose clamp increases PRA Journal of Human Hypertension compared with that of a run-in period by continuously infusing normal saline as substitute for 20% glucose. [34] [35] [36] On the contrary, this study demonstrated that euglycaemic hyperinsulinaemia decreased PRA in young, lean, normotensive male subjects. We examined PRA on unrestricted diets just before euglycaemic hyperinsulinaemic clamping and at the end of 2-h clamping, and did not set a run-in period by continuously infusing normal saline as substitute for 20% glucose. It is difficult to anticipate the precise amount of normal saline to substitute for 20% glucose because individual glucose infusion rates are extremely variable for each individual in the young, lean, normotensive male subjects. Volume overload might directly suppress renin secretion since insulin sensitivity (M-value) or 20% glucose infusion rate was relatively high in these young, lean, normotensive subjects because the decrease of PRA by euglycaemic hyperinsulinaemic clamping was correlated with insulin sensitivity (M-value). Another possibility is that the duration of the supine rest before clamping in this study, which was approximately 20-30 min, may be too short to exclude a postural effect on PRA. However, PRA during the upright position was well correlated with that during the supine position in young Japanese men. 37 Another controversial subject is whether acute hyperinsulinemia increased ANP directly or indirectly. Tanabe et al 16 revealed that ANP showed a significant increase in association with increased plasma IRI and plasma volume in an euglycaemic hyperinsulinaemic clamp test and in a glucose challenge test in normal subjects, but not in an insulin challenge test in normal subjects. We confirmed that euglycaemic hyperinsulinaemia increased cGMP and ANP levels. It is possible that an increase both in plasma volume and tonicity may cause these alterations in natriuresis-related hormones.
We have previously reported that intracellular Ca 2+ in platelets was significantly higher in subjects with a positive than in those with a negative family history of hypertension, and that fractional excretion of calcium (FE Ca ) before clamping was significantly lower in those with a positive than in those with a negative family history. 4,20 FE Ca /FE Na was significantly lower in the positive than in the negative family history group (P Ͻ 0.01) (data not shown). Therefore, young, lean, normotensive male subjects, who displayed strong familial predispositions to essential hypertension and cardiovascular complications, especially who demonstrated low PRA, also revealed cation and glucose metabolic abnormalities before the onset of hypertension, as pointed out in a subset of essential hypertensive patients. 9 This study indicates that these metabolic abnormalities associated with offspring of essential hypertensive parents result either from genetic factors related to cellular cation transport or behavioral imprinting (familial tradition) of dietary high-salt intake, or both. It was practically difficult to recruit a large number of young, lean, normotensive sub-jects who displayed extreme predispositions for genetical hypertension in this pioneer study. However, we ought to investigate genetic aspects of insulin resistant hypertension in a larger population in the future.
In conclusion, insulin sensitivity may be partially determined by PRA levels and dietary sodium intake before euglycaemic hyperinsulinaemic clamping in young, lean, normotensive male subjects.
Acute euglycaemic hyperinsulinaemia increases cGMP and ANP levels. Multiple metabolic disorders such as insulin resistance and abnormal cation homeostasis have already coexisted in young, lean, normotensive male subjects who have strong predispositions to essential hypertension. Further studies concerning genetic susceptibilities for hypertension and dietary sodium intake are needed to elucidate the mechanism of the close relationship between insulin resistance and sodium homeostasis.
